trauma and toxaemia, has been very considerable, but it is insignificant when compared with the widespread injury that has been brought about by interference with the normal functions of muscles and their consequent atrophy. A single muscle may be directly affected by trauma, but this injury may interfefe with the normal action of all the other muscles of the limb for a considerable period and thus give rise to serious pathological changes in the musculature of the limb.
As we have seen, the type of muscular atrophy known as disuse atrophy is of widespread distribution, and if we exclude the dystrophies and also injuries due to toxins and to direct trauma, it is reasonable to classify all atrophied muscles under one of the following three heads, according to the factors that have brought about their loss of function. (1) Muscles that have lost the power of voluntary contraction through lesions of the lower motor neurone (these have been largely caused by injuries of the peripheral nerves). (2) Muscles the normal contraction of which has been suspended by immobilization of the neighbouring joints-a condition commonly seen in limbs to which splints have been applied. (3) Muscles, the contraction of which has been reflexly inhibited because their action causes pain in the joints whose movement they control, as, for example, wasting of the quadriceps in arthritis of the knee.
The dictum laid down by Abernethy that diseased parts should be kept at rest is in accordance with the principles of nature, and it is obviously necessary to immobilize joints to secure proper fixation of the fragments of a fractured bone or to limit the spread of acute inflammation; but the muscles and the fibrous structures of the limb concerned have frequently been involved in the most disastrous results from the application of this principle of rest. Muscles have wasted or have undergone fibrous degeneration, and the movements of the joints have been restricted by contraction of the adjacent fibrous tissues.
It is an interesting observation to note that the degree of atrophy of the tissues that follows suspension of function in the locomotor apparatus has no parallel in any of the other systems of the body, where temporary suspension of function to the same extent is not possible.
THE CAUSE OF MUSOULAR ATROPHY AND ITS PREVENTION AND CURE.
Some reference to the physiology of muscle is necessary in order to attempt to explain the cause of atrophy and to justify the methods adopted both for prevention and cure of muscular degeneration. A muscle fibre contracts either in response to a nerve impulse along the normal channels, or it may respond to direct stimulation in virtue of its irritability. Muscles will contract feebly when pinched, and certain chemicals will provoke a response when directly applied to the exposed muscles. So far as can be ascertained there is no difference in the nature of contraction or in the chemical changes produced by a normal nerve impulse and in that brought about by electrical or other stimulation. The irritability of a muscle fibre would appear to be somewhat akin to the irritability of the ameeba, which possesses to a feeble extent the power of response to direct stimulation, and the muscle cell might be regarded as a highly specialized cell of the amoeba type, specially developed for contractile purposes and peculiarly responsive to stimuli of a nervous type. Curari, as is well known, places a block at the nerve ending, and stimuli applied to a motor nerve so affected are powerless to produce contraction of a muscle. Stimuli applied directly to the muscle can, however, bring about a contraction. Muscle contraction is therefore a response to an external stimulus, and the questions of loss of contractile power and of change in the muscle substance, are closely associated with one another and with the causes operating to bring about loss of function in the muscle fibre. The health and condition of any cell is known to be closely associated with its function; this would appear to be especially true with regard to muscle tissue, the atrophy that takes place being a direct result of its suspension of function. The nutrition of a muscle fibre would appear to be determined by the exchange that takes place between the muscle plasma and the surrounding lymph during the acts of contraction and relaxation, the interchange thus being dependent on its exercise of function.
In response to an external stimulus certain very complex changes take place in a muscle fibre. During contraction lactic acid is formed, but there is no consumption of 02 or evolution of C02 at this stage. The process of relaxation is, however, accompanied by an oxidation of certain carbohydrates; oxygen is consumed and C02 produced. The lactic acid disappears but not by oxidation; it appears to play a very important part in the contractile process, but the nature of its action is not definitely understood. The actual contraction and subsequent relaxation are very difficult to explain. As a metal rod lengthens when heated and shortens again on cooling, because different degrees of temperature alter the equilibrium of its atoms and produce a reaction of its elastic forces, so the molecular arrangement differs in the muscle according as it is at rest or excited, and its external form differs accord-ingly. The active muscle is short and thick, the inactive long and thin, and in suddenly passing from one state to the other the muscle contracts or expands, not against an inherent elasticity, but by an elastic action, in 'order to assume the natural form of equilibrium which corresponds to its active or inacti'e state (Weber).
The carbohydrates demanded by the process of oxidation are undoubtedly drawn from the surrounding lymph, through the limiting membrane of the muscle fibrils, and the expulsion of C02and other metabolites must take place through the same channel.
Certain functional states of the cells are known to be accompanied by increased permeability of the cell membrane, and there is conclusive evidence that the cell membrane is rendered more permeable during excitation of the cell. McClendon found in excited muscle an increase of electrical conductivity-an index of increased permeability to ions. This means that the cell membrane becomes permeable to ions to which it was impermeable while unexcited-in other words, it ceases to be polarized. Siebeck's discovery that potassium chloride enters more rapidly into excited muscles than into resting ones also indicates increased permeability during functional activity. Conversely, Lillie has shown that all agents which cause increased permeability of the cell membrane act in an exciting manner on the cell.
The essential characteristic of life is incessant change, and the maintenance of health and condition of the muscle fibre appears to be closely associated with the acts of contraction and relaxation, interchange with the surrounding lymph taking place during these acts. It is therefore a reasonable line of treatment for muscles which have undergone atrophy to seek to bring about a restoration of their condition by provoking contractions in the affected fibres. These may, therefore, be either in response to normal nervous stimuli or be evoked by artificial stimulation.
The restoration of muscles by active contraction can only be referred to briefly in this paper. The development of muscles by exercise would appear to be due to at least two factors: (1) Increase of size and tone of muscle fibres taking part. (2) The " calling up " of a large number of muscle fibres of an embryonic or of a dormant type, of which there is a considerable proportion in every muscle. The observation has been made that muscles are overwired (Souttar)-that is, that the nerve trunk contains many fibres which do not appear to function -support for which view is obtained from the fact that we have so often on exploration of a nerve been surprised to find that a very ex-tensive lesion of the nerve has frequently not been attended with any marked interference with the function of the muscles supplied.
This theory of overwiring is probably true, the explanation possibly being that such nerve fibres and their corresponding muscle fibres are embryonic or dormant. That such dormant fibres can be " called up" and B 3's drilled into A l's is a matter of ancient observation, and systematic and periodic stimulation of the neuro-muscular apparatus, whether by voluntary effort as in gymnastic training, or by the artificial means employed in physio-therapy, is definitely known to result in an increase in size and tone of the muscles so treated.
TREATMENT-PREVENTIVE AND RE STORATIVE.
Treatment may be regarded as preventive or restorative, according to the stage of the injury. The preventive treatment of atrophy of the, tissues of an injured limb is necessarily a difficult problem, and must be largely circumscribed by the nature of the injury: but even when the etigencies of surgical treatment have been fully considered, it is deplorable to find so many patients sent at a late stage to the department of physio-therapy; the wholesale atrophy of their tissues bears eloquent testimony to the fact that the suspension of the functional *activity of every tissue of the limb was considered a sine qua non of surgical treatment. Fortunately, there were many surgeons who treated the injured limb as well as the injury itself, and even under the most difficult circumstances managed to secure sufficient functional activity to prevent the atrophy that attends absolute disuse.
There is no doubt that too much attention has been given to restorative treatment as compared with preventive treatment, and the surgeon who has conquered sepsis and secured a perfect alignment has but little reason to be proud of the result if the joints of the limb are immovable, and the muscles hopelessly atrophied. For the atrophy of such muscles is frequently hopeless, and in many cases has proceeded so far that a large proportion of the muscle cells have perished and have been replaced by fibrous tissue. No amount of subsequent stimulation can restore suich a muscle, and " permanent disability" too often marks the measure of the surgeon's skill.
For the treatment of muscle by artificial stimulation two methods are available: stimulation by massage and stimulation by electricity.
MASSAGE.
Bearing in mind that our object is to produce contraction in muscle fibres with a view to determining exchange between the fibre and the surrounding lymph it does not appear that in massage we have an agency of any considerable value in restoring the size and tone of a wasted muscle the response of which is limited to direct stimulation, as is the case in muscles suffering from reaction of degeneration. Where the nerve-supply is intact contractions in response to manipulations are largely the result of stimulation of the muscle fibre through the muscle plate, but where the nerve-supply is interrupted contractile response to manipulation must correspond to the irritability of the muscle fibres to direct stimulation, and in most cases this response to direct stimulation is very feeble. I am inclined to regard massage as effective to a large extent in such cases on account of its action on the vaso-motor system, and this result will be largely brought about by mechanical action, as the vaso-motor reflexes are also affected in peripheral nerve lesions.
CONTRACTION PRODUCED BY MEANS OF ELECTRICAL STIMULATION.
In electricity we have an agency which is peculiarly effective in producing contractions of muscle fibres, and, as is well known, by utilizing this form of energy we can obtain the most complete contractions of individual muscles or muscle groups.
For the production of contraction in muscles, we can use either the faradic or the interrupted galvanic current. The stimulation caused by the electrical current is due to the displacement of the ions in the nerve or muscle, and the more sudden the displacement the more stimulating is the effect. A constant current is therefore incapable of producing contractions in muscles, and it is only at the make and break of the current that stimulation takes place. It has been suggested that muscles probably contain two kinds of contractile material, the striated portion and the sarcoplasm. The striated portion responds to brief stimuli and contracts rapidly, the sarcoplasm responds to longer stimuli only and contracts slowly. A sluggish contraction would represent a contraction of the sarcoplasm. Muscles suffering from reaction of degeneration, as is well known, will not react to the currents of brief duration set up in the ordinary induction coil or faradic battery. They will, however, react to the interrupted galvanic current, and muscles suffering from reaction of degeneration would there-fore appear to have sustained a loss of striated elements with survival of the sarcoplasm alone. This appears to have been borne out by the fact that when reaction of degeneration is fully established, the character of the contraction becomes sluggish. For the treatment of muscles suffering from reaction of degeneration the galvanic current alone is effective. The faradic current is ineffective unless its voltage is enormously increased, in which case the intensity would be great, and the excitation very painful. It is thus ineffective as a practical method of producing contractions. It is necessary to remember that several factors are concerned in the production of contractions in muscle by electrical stimulation; the current must have a minimum of intensity, and this minimum currept, in order to be effective, must last for a definite time, this representing the velocity of excitability of the muscle. In normal muscles this is about one-thousandth part of a second; in paralysed muscles velocity of excitability is much slower, and a current may have to act for one-twenty-fifth of a second to produce contraction in a degenerate muscle. Hence the ordinary faradic current is ineffective for producing contractions in paralysed muscles. The practical problem in the treatment of muscles by electrical stimulation would appear to consist in the selection of that particular type of current that will give the best contractile response. in the primary coil of 800 to 900 per second, and the current obtained from this coil will be found to be the least painful and the most effective yet produced. Interrupted galvanic .currents, where the rate of interruption exceeds 20 per second, can also be used for the stimulation of non-degenerate muscles, and of late this interruption has been done principally by the method introduced by Frimandeau. The Frimandeau coil is best described as a primary coil, fitted at both ends of the iron core with vibrating hammers of similar type. The ordinary circuit may be described as the exciting current, and its passage causes the hammer to vibrate in the ordinary way. Frimandeau makes use of the alternate magnetization and demagnetization of the core to cause a synchronous movement of a similar hammer affixed at the opposite end of the core. A galvanic current is made to pass across the gap thus formed, and so we have a means of interrupting a constant current in a circuit, which may be described as the stimulating circuit. By employing various types of interrupters the rate of interruption can be varied, and I have succeeded in obtaining from two to 900 interruptions per second in the exciting circuit. The galvanic current so interrupted can be employed for the stimulation of muscles. When the rate of interruption falls below 20 per second single twitches are obtained in response to each stimulation. Above this rate tetanus is obtained from non-degenerate muscles, and the Frimandeau current has proved very useful in evoking effective contractions from such muscles.
CONSIDERATIONS
For the production of tetanus with this type of current I find that an interruption of from 200 to 300 per second is the most effective. Above this rate the cUlrrent appears to have the character of the ordinary constant current, and at very high speed of interruption no contraction whatever can be obtained. The nature of the interruptions at speeds of over 50 per second is most probably not a complete make and break, and the current is most probably of an undulating type, the resistance across the gap never being sufficient to interrupt completely the passage of the current. Various methods of applying the stimulating current are in use: metronomes for single make and break, and various types of apparatus which give rise to a current of a surging type.
The method most in favour, however, is the method of graduated contraction, the maximum number of fibres being engaged only at the crest of the stimulus; such a contraction approximates most closely to the normal type.
THE QUESTION OF FATIGUE.
The interesting question of fatigue remains to be considered. According to the work of Maggiora and Mosso, and of Treves, who have studied the question by means of ergograph tracings, it would appear that there are three different typesof fatigue: (a) Fatigue of a personal type for each individual; (b) fatigue of-the nerve itself; (c) fatigue of the muscle. Each individual has a personal type for his ergograph fatiguie curve; it is constant even with wide variation of the external work. The onset of fatigue of a personal type is the most easily induced. Nerve, unlike the nerve centres, is, comparatively, inexhaustible, and shows no visible signs of fatigue even when thrown into a state of activity for several hours; this is due to the extremely slow metabolism of nerve tissue. When a motor nerve is excited the muscle apparently becomes fatigued long before the nerve.
Fatigue as regards muscles is purely a toxic phenomenon, and is due to the non-removal of lactic acid, which is produced during contraction and for the removal of which oxygen is absolutely essential (Fletcher and Hopkins, 1907) . The experiments of Ranke showed that on circulating a saline solution containing no nutrient material through a fatigued muscle of a frog the fatigue disappeared; by further experiment he also demonstrated that the aqueous extract of fatigued frog's muscle circulated through the fresh muscle of another frog produced fatigue phenomena. In the first experiment oxygen was conveyed to a muscle which was charged with lactic acid, and in the second the toxic solution conveyed lactic acid to a resting muscle.
The rhythmic activity and comparative non-fatigability of heart and respiratory muscles is undoubtedly due to (1) the rich blood-supply, which provides a plentiful supply of oxygen and nutrient materials; (2) to the definite resting phase between each contraction. In experimental work it has been found that the slower the rhythm of contraction the longer the onset of fatigue is delayed; if a muscle is contracting slowly enough to allow of complete recovery between each contraction, it is comparatively inexhaustible. This recovery depends on a proper supply of nutrient to repair waste, and of oxygen to allow of the removal of lactic acid.
In the treatment of muscles by artificial stimulation there should be no danger of fatigue if the following precautions are observed: (1) Some preparation of the limb is necessery to ensure a good flow of blood, such as follows treatment by the whirlpool bath. (2) The limb should be kept warm during treatment, and in a position in which there is no interference with the circulation. (3) Stimulation should be rhythmic in type, and there should be a definite interval to allow of a complete recovery between the contractions; this interval should be at least five seconds.
That artificial stimulation will bring about an improvement in the size and tone of a mnuscle group has been conclusively proved in practice by the actual measurement of degenerate muscles which, treated by artificial stimulation -for some months after the injury, were found to have increased in size and improved in tone, although operation subsequently confirmed the diagnosis of complete interruption of their nerve supply. SUMMARY. (1) Excluding the muscular dystrophies and injury due to trauma and toxins, all muscular atrophy is of the disuse type-that is, it is caused by suspension of the normal function of contraction and relaxation.
(2) The condition and tone of a muscle are largely dependent on their function-interchange between the cell and surrounding lymph taking place during contraction and relaxation.
(3) Prevention of atrophy and restoration of atrophied muscles by rhythmic contractions constitute therefore a reasonable line of treatment.
(4) Artificial stimulation of muscle conserves the nervous energy of the patient, and in most cases of injury is the only method that can be employed.
(5) Of methods of artificial stimulation, electrical is the most valuable.
(6) Treatment by electrical stimulation is governed by the consideration of two factors: (a) The degree of contraction produced; (b) degree of pain caused by the stimulation.
(7) Pain is largely a matter of the length of waves employed and the uniformity of the interruptions.
(8) Apparatus devised to give a uniform type of interruption yields the best results.
(9) Fatigue is a toxic phenomenon due to accumulation of lactic acid. There is no risk of fatigue if a proper blood-supply is ensured and a short interval allowed between the contractions.
(10) Practical experience has demonstrated the value of artificial stimulation in restoring the condition of wasted muscles and in preventing atrophy.
(The Discussion was adjourned to the next meeting, December 19.)
